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Abstract 
The reduction of elevated dynamic loads, affecting the elements of the hydraulic drive, is an important task in production 
equipment maintenance. In case of the hydraulic drive with actuators, remotely located from the power source, the piping defines 
the working capacity of the whole system. Hence the development of piping vibroacoustic analysis methods appears to be the 
vital task. The said methods would not only help to define the cause of increased loads, but also permit to develop an adequate 
design solution without prolonged experimental checks. 
The article proposes the method of pipeline system vibroacoustics analysis through the example of press-forge unit drain piping. 
The novelty of this method consists in the use of the fluid pulsation and piping vibration spectra analysis in their correlative 
comparison with account to the calculated modal parameters of a pipeline. 
The measurements of working fluid pressure pulsation and pipeline vibration in the vicinity of the breakage locations were 
carried out. The experimental data spectrum analysis indicated an apparition of intense water-hammer process along with the 
frequency coalescence of fluid pulsation and pipeline vibration. The resonant vibration amplification, caused by the water-
hammer effect, was suggested. The pipeline system mathematical model, allowing to calculate its modal parameters, was derived. 
The comparison of the modal analysis with the vibroacoustic response confirmed the hypothesis of the pipeline resonant 
breakdown. 
The article depicts, that the study of the pipeline system vibroacoustic response, based only on Fourier analysis of the working 
fluid pulsation and pipeline vibration, is prone to fail the reliable causation of elevated dynamic loads. It is suggested to 
complement the vibroacoustic response analysis with the modal parameters calculation. The mathematical computation of the 
modal frequencies and shapes was implemented instead of their experimental observation in order to exclude the undesired 
signal, introduced with attached mechanical equipment. On top of that, the mathematical computation of the pipeline modal 
parameters allowed to perform the pipeline modal frequency shift from the water-hammer effect frequency range through 
cautious relocation of additional supports. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The increase of the piping systems efficiency is vital due to its direct connection with the overall facility 
performance and operation quality. The automatic press line "Erfurt" breakdown, caused by the piping system 
problems, is an example of production machinery failure. The line outfitted with PTr 2000+1200 SS punching unit 
is installed on press-forging line in joint-stock company AUTOVAZ (Togliatti, Russia) [1].  
The press-forging process of the considered line is represented by the deep-drawing of billet sheet. The 
construction of punching machine is shown on Figure 1. Half of the stamp which performs reciprocation is attached 
to a sliding bar 1. A billet sheet 2 is placed on supports 3 which are rigidly held by a bottom plate 4. A fixed 
counterpart 5 is placed under the billet sheet 2. 
Downward motion and press-forging are performed with the sliding bar 1 with a die block. This process is 
counteracted by press forces in the extraction cylinders 6. Extraction cylinders 6 lean on bottom plate 4 via end-
thrust bearings 7. 
During the automatic line operation the drain piping of extraction cylinders power hydraulic system and upper 
piston chamber of the central cylinder periodically broke off and suffered from a total loss of power fluid, which led 
to the shutdown of the whole press-forging line [1]. The disruption took place 
x in the junctions of drain line and hydraulic cylinder automatic control device 1 (Fig. 2), 
x in the drain line and collector,  
x between left and right collectors (Fig. 2). 
The crosscut character of breakage indicated that the pipe bending vibrations were the cause of the disruption. 
 
Fig. 1. Erfurt PTR 2000+1200 SS schematic layout 
1- sliding bar; 2 - billet sheet; 3 – supports; 4 – bottom plate; 5 – counterpart; 6 – extraction cylinders; 7 – end-thrust bearings; 
8 – central cylinder; 9 – rod 
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Fig. 2. Drain piping [1] 
1 - the hydraulic cylinder automatic control device; 2 - pipeline disruption locations; 
3 - the fluid storage tank joint flange 
2. Analysis of vibroacoustic interaction in the pipeline systems 
The curvilinear pipeline bending vibration genesis was first described in the article [2]. The pipeline vibration is 
linked to the apparition of the non-steady unbalanced stresses, caused by the pulsing flow dynamic pressure losses in 
the knee-shaped elements. The described bending vibration genesis mechanism is typical for pipeline systems with 
relatively low fluid flow speeds. This model is commonly used to define the cause of vibration increase in the 
booster stations piping. The articles [3, 4] link the pipeline vibration phenomenon with the hydro-torque of 
mechanical pipeline subsystem flexible elements. This kind of vibration appears in the high velocity pipelines, 
specific to the fuel mains of a carrier rocket with liquid-propellant engine or gas-turbine engines fuel systems. 
Anyway, the pulsating flow energy may cause significant mechanical oscillations of piping, attached equipment and 
bearing structure due to its interaction with the piping itself. The fluid supply units operation, self-excited 
oscillations, caused by the actuating of flow regulators and valves, and water-hammer processes are the main causes 
of the hydraulic mains power fluid pulsations. 
The pipeline system vibroacoustics analysis methods include experimental methods, based on modal parameters 
analysis [5, 6], as well as theoretical, using the vibroacoustic interaction models [7-13], transfer function matrix [14, 
15] ,differential transformation method [16], dynamic stiffness method [17] and numeric modal analysis [18]. 
Although, most of existing methods are used to solve more specific tasks, such as computation of a straight pipeline 
section, booster station piping and steam pipeline. Obviously, the study of a pipeline system with complicated 
spatial configuration and arbitrary number of supports requires a versatile analysis method, taking into account both 
experimental statistics and computational parameter analysis. 
That’s why the measurements of the power fluid pressure oscillation and piping vibration, which appeared during 
the press-forge equipment operation, were taken first in order to define the cause of the studied pipe main excitation. 
3. Experimental study of the press-forge unit hydraulic pipeline dynamics 
Experimental study data analysis [1] demonstrated the apparition of two intense water-hammer processes in the 
drain piping (Fig. 3). The first process at the time period is caused by the power fluid draining during the downward 
motion of the billet sheet. The upward motion of the billet sheet starts at the time period. Therefore the second 
hydraulic impact, caused by the automation valves actuations which slow down the billet movement, occurs in the 
end of the motion at the time period. The peak pressure value amounts from 0.6 to 0.8 MPa, the minimum value 
amounting to 0.2 MPa with mean level of 0.39 MPa. 
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Fig. 3. Drain piping pressure oscillations [1] 
The spectrum analysis of the first hydraulic impact showed the presence of two resonant zones (Fig. 4): the 
interval of 12 to 60 Hz with maximum at 45 Hz and the interval of 70 to 120 Hz with maximum at 93 Hz. The 
intensity of the resonant peaks in the second zone is 4.5 times lower than in the first one. Spectrum analysis of the 
second hydraulic impact (Fig. 5) shows the most intensive resonance in the interval of 15 to 88 Hz with maximum at 
45 Hz. 
 
Fig. 4. Pressure oscillations spectrum (downward motion of bottom plate) 
The three-dimensional system vibration activity analysis was performed simultaneously with the piping pressure 
pulsation analysis. The following locations of vibration sensors installation were chosen: 
x Junction points of the main drain line and drain piping of central cylinder and each of extraction cylinders; 
x Piping breakdown locations. 
The figure 6 represents the vibro-acceleration oscillogram of the drain piping under the central cylinder manifold. 
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Fig. 5. Pressure oscillations spectrum (upward motion of bottom plate) 
 
Fig. 6. Vibratory acceleration oscillogram of the manifold under the central cylinder 
The drain line oscillation analysis indicated two intense oscillatory processes, occurring in every vibration 
monitored point during the press forward stroke. The first one was noticed in the beginning of the press forward 
stroke and coincided with the moment of fluid displacement from cylinders. The second one is correlated with the 
stamp lift action. In both cases the spectral density reached maximum at 45 Hz (Figures 7-8). 
The performed analysis allowed concluding that the system oscillations are caused by the force loads of pressure 
pulsations resulting from the press control system piping hydraulic impacts. The resonant amplification of the press 
drain piping oscillatory movement was suggested in this case. The numerical modal analysis was performed in order 
to verify this presumption. 
4. Finite element modal analysis of the pipeline system 
In accordance to the article [19], the definition of modal frequencies and modes via finite element method is 
performed through substitution of the distributed masses by equivalent ones, concentrated on the nodes of the finite 
element grid, representing the studied object. 
For the oscillating system the bending function can be expressed as follows: 
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f t  - Displacement functions vector; 
D  -  Coefficient matrix of the approximation polynomial; 
Zn  - Oscillation circular frequency. 
The equation (1) can be rewritten as follows: 
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Every system element follows the law (3). Therefore the whole oscillatory system can be described by the 
following equation system: 
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where ^ `su  is the displacement vector; 
^ `sM  is the overall system mass matrix. 
The modal analysis of the liquid-filled pipeline system should take into consideration the interaction between 
mechanic and hydraulic subsystems [20]: 
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where ª º¬ ¼
fsM  stands for the Vibroacoustics interaction mass matrix; 
ª º¬ ¼
fsK  is the Vibroacoustics interaction stiffness matrix. 
5. Finite element modal analysis of the pipeline system 
The ANSYS software package has been used for the system study. The piping system modal analysis has been 
carried out, and the modal frequencies were defined along with the corresponding modal modes. The calculation 
results of the modal frequency study are presented in the table 1. 
According to the analysis results, the 6th modal frequency amounts to 45,3Hz and coincides with the piping 
system fundamental tone (Fig. 7, 8). The 6th modal mode is presented on Fig. 9. 
The problem of dynamic loads reduction in the pipelines is usually solved by means of the fluid pressure 
pulsations dampeners. The obvious advantage of this method is its effectiveness, as it directly influents on the 
source of elevated Vibroacoustics load on the system. However, this method possesses a number of substantial 
drawbacks in the studied case. 
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Table 1 Piping system natural frequencies 
# modal shape Frequency, Hz 
1 15,9 
2 31,2 
3 35,9 
4 37,8 
5 41,6 
6 45,3 
7 47,2 
8 59,7 
 
 
 
Fig. 7. Manifold vibration velocity spectrum (downward motion) 
 
 
Fig. 8. Manifold vibration velocity spectrum (upward motion) 
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Fig. 9 Sixth modal mode of the drain main pipe (45.3 Hz) 
The pulsation damper installation requires the pipeline redesigning, thus rendering the press line inoperable for 
an inacceptable amount of time. Furthermore, the pulsation dampener can have a negative impact on the forge-press 
unit dynamics, as its installation can profoundly alter the transient processes in the control line of the automatic 
press line. 
Another viable way to reduce the Vibroacoustics loads is the alteration of the pipe-line modal frequencies 
through implementation of additional supports. Thus it would be possible to drastically decrease the vibration level 
and avoid breakages by raising the modal frequencies of the construction higher, than the working frequencies band. 
The pressure oscillations spectral analysis (Fig. 4, 5) shows that the peak amplitude values belong to the 
frequency band limited to 130Hz. Therefore it is required to alter the pipe-line support system in such a way that the 
first modal frequencies would surpass the level of 130Hz. 
The additional pipeline supports design, causing the modal frequencies shift into the frequency range higher than 
the water-hammer effect, is presented on Figure 10. The minimum modal frequency amounts to 167 Hz, which 
surpasses the excitation force load by 37 Hz. 
 
 
 
Fig. 10. Pipeline system supports design case 
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6. Conclusion 
The performed study allows drawing the following conclusions. The vibration of the pipeline system, leading to 
its failure, is caused by the water-hammer effect resulting from the valve actuation of the press unit automatic 
control system. The excessive vibration is caused by the coalescence of pipeline system modal frequency and power 
fluid water-hammer frequency. In this case the failures result from the hydraulic system flaws, implemented during 
the design stage. The following measures can be recommended: 
x Long pipeline sections should be avoided by means of additional supports installation and overall pipeline 
system length reduction; 
x The probability of water-hammer effect occurrence should be pre-calculated; 
x The approximate computation of modal pipeline frequencies and water-hammer effect fluid pulsation 
frequencies should be performed. 
The research was based on vibration velocity spectral analysis of hydraulic system key points and pressure 
pulsation spectral analysis. This study method is unable to categorically define the cause of elevated vibration. It is 
worth noticing that this method complicates the formulation of the defect genesis hypothesis. In this case, the 
hypothesis formulation depended mostly on researcher's experience. The cross-correlation experimental data 
analysis methods appear to be the most promising. 
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